blooms and reducing available oxygen for macro-organisms (Daniel et al., 1994; Ertl et al., 1998) . The development of soybean [Glycine max (L.) Merr.] cultivars that are lower in seed phytate should improve availability of mineral nutrients to growing monogastric animals, while at the same time reducing damage to ecosystems inundated with nonpoint source Pi pollution (Powers et al., 2007) . Wilcox et al. (2000) successfully developed mutant soybean lines with ~1.9 g kg -1 of phytate P and ~3.1 g kg -1 of Pi, compared to normal conventional soybean cultivars that had ~4.3 g kg -1 of phytate P and ~0.7 g kg -1 of Pi. One of these lines, CX1834-1-2, was used as the low phytate male donor parent in populations developed by the University of Tennessee and the University of Georgia to identify molecular markers associated with this trait (Walker et al., 2006) . Using simple sequence repeat (SSR) markers, Walker et al. (2006) found two genomic regions associated with SSR markers that correlated with seed phytate content in soybean. On linkage group (LG) N, Satt237 was found to be linked to a major locus associated with seed phytate, and on LG L, Satt527 and Satt561 were found to be linked to a locus with a smaller eff ect on seed phytate concentration. On the basis of interval mapping LOD score plots, Satt237 and Satt561 each appeared to be within a few centimorgans of the phytic acid quantitative trait loci (QTLs) on their respective linkage groups. The molecular data together with phenotypic data for the eight diff erent genotypic classes supported the conclusion of Oltmans et al. (2004) that the low phytate phenotype of the CX1834-1-derived lines results from duplicate dominant epistasis at two independent loci. Simple sequence repeat markers Satt237 and Satt561 were used in this study to confi rm the association of these genomic regions with the low phytate phenotype in genetic backgrounds and environments different from those of the original mapping populations.
The confi rmation and validation of reported QTLs requires the identifi cation of the same QTL in parallel and independent populations and environments, thus QTL confi rmation increases the likelihood that marker-assisted selection (MAS) will be successful and demonstrates that the marker associated with a QTL is eff ective for selection irrespective of genetic background and environment (Fasoula et al., 2004) . The objectives of this study were to confi rm two QTLs associated with seed phytate concentration in diff erent environments and parallel segregating soybean populations, to compare the eff ectiveness of MAS vs. phenotypic selection for low phytate, and to evaluate agronomic traits associated with low phytate soybean.
MATERIALS AND METHODS

Population Development and Experimental Field Procedures
A low-phytate, maturity group (MG) III germplasm, CX1834-1-2, that was developed by Dr. J.R. Wilcox of the USDA-ARS at Purdue University was crossed with a high yielding MG V cultivar, 5601T (Pantalone et al., 2003) . A second population was developed by crossing CX1834-1-2 with a competitive-yielding MG V line, S97-1688 (Anand et al., 2004) , which has broad soybean cyst nematode (Heterodera glycines Ichinohe) resistance. The crosses were made in the summer of 2000 at the Plant Science Unit of the East Tennessee Research and Education Center (ETREC) in Knoxville, TN, and the following description of the generational advancement applies to both populations. Approximately 20 F 1 seeds were harvested in the fall of 2000 and sent to Costa Rica for generation advancement to the F 5 stage via single seed descent (Fehr, 1991) . The F 1 plants were grown as a single row and bulk harvested during the spring of 2001. Approximately 800 F 2 seeds were row planted in Costa Rica during the spring of 2001, and single seeds were harvested from each F 2 plant and bulked. The procedure of harvesting a single seed from each plant and bulking was followed for the 
DNA Isolation and Polymerase Chain Reaction (PCR)
In 2003, approximately 7 to 10 leaves of each F 5:7 RIL were sampled from one fi eld replication, in both populations, for DNA extraction. Samples were taken randomly from each row were diluted into 90 μL of double distilled H 2 O (100 μL total volume) and mixed with 100 μL of Chen's Reagent, which consists of 1 volume of 3 M H 2 SO 4 , 1 volume of 0.02 M ammonium molybdate, 1 volume of 10% ascorbic acid, and 2 volumes of water (Chen et al., 1956) . The reaction was allowed to proceed at ambient temperature for exactly 1 h, after which Pi concentrations were determined using a BioTek PowerWave XS Microplate Spectrophotometer (BioTek Instruments, Winooski, VT) set at a wavelength of 882 nm. Eight standards, representing 0, 0.155, 0.465, 0.930, and 1.395 μg of P, based on the atomic weight of P, were used to obtain a standard curve, from which sample concentrations were estimated. In addition to the fi ve standards used by Raboy et al. (2000) , standards representing 1.860, 2.320, and 2.640 μg P were also included. This made it possible to use the original sample dilution ratio (10 μL extract solution + 90 μL H 2 O) described by Raboy et al. (2000) . Direct measurements of seed phytate concentrations were conducted at the USDA-ARS in Raleigh, NC, with binary high pressure liquid chromatography using a 50 by 4.6 mm PL-SAX strong anion exchange column (Polymer Laboratories, Amherst, MA) equipped with a 7.5 by 4.6 mm guard column. Ground soybean seed tissue was analyzed for phytic acid concentration from a representative sample (85 RILs of the 5601T × CX1834-1-2 population) as described by Israel et al. (2006) .
Protein and Oil Analyses
Approximately 30 g of soybean seeds, randomly chosen from F 9 seed harvested in 2004 from the F 5:8 RIL plots were ground in a water-cooled Knifetec 1095 Sample Mill (FOSS Tecator, Hogana, Sweden) for 20 s. Protein and oil concentrations (dry weight) were obtained using a NIRS instrument (NIRS 6500; FOSS North America, Eden Prairie, MN) according to the user's manual. Diagnostics tests ensured that the instrument passed three diff erent tests for instrument response, wavelength accuracy, and NIRS repeatability (Panthee et al., 2004) . A room dehumidifi er was used throughout the analysis to maintain the humidity at 40%, and the room temperature was approximately 20°C. Ground soybean samples were scanned using Winisi II 1.5 software (FOSS North America). The instrument was left on for the entire period of analysis, and diagnostics were performed every day until scanning of all samples was completed.
Data Analyses
Associations between molecular data and phenotypic data used to validate QTLs were analyzed using single factor analysis of variance with the PROC GLM procedure of SAS software v9.0 (SAS Institute, 2003) . The few RILs that were heterozygous at the Satt237 or Satt561 loci were excluded from the analysis because the RILs were F 5 -derived, and because our primary interest was to confi rm the additive genetic eff ect of QTLs from lines homozygous at those two loci. Mean seed Pi concentrations averaged across all replicates and locations were analyzed with the PROC MEANS procedure in SAS software v9.0 (SAS Institute, 2003) . The PROC GLM procedure also was used to determine the analysis of variance for Pi, with location and replication as random blocking factors. Heritability of the phenotypic traits in this population were estimated on an entry mean and plot basis (Fehr, 1991; Nyquist, 1991) . The GLM procedure of SAS was used to estimate variance components for calculating heritability estimates. Mean phenotypic correlations, averaged and stored at −80°C until the extraction procedure was preformed. DNA from these leaf samples was isolated using a Qiagen Plant DNeasy Extraction Kit (Qiagen, Valencia, CA).
Progeny from both RIL populations were screened with the SSR markers Satt237 (LG N) and Satt561 (LG L) developed by Cregan et al. (1999) . Polymerase chain reaction amplifi cations were performed in a 96-well MBS Hybaid thermocycler (Hybaid, Franklin, MA). The 12.5-μL PCR mix consisted of 2.5 μL of 10 ng μL -1 template DNA, 3.8 μL double distilled H 2 O, 1.3 μL of 25 μM forward D4 labeled primer (synthesized by Proligo, Boulder, CO) and 25 μM reverse primer (synthesized by Sigma Genosys, Woodlands, TX), and 5.0 μL of Hotmaster Taq (Eppendorf Brinkman Instruments, Westbury, NY). The amplifi cation conditions consisted of 94°C for 5 min followed by 35 cycles of 94°C denaturation for 25 s, 57°C annealing for 30 s, and 72°C extension for 30 s, ending with a fi nal cycle of 72°C for 5 min. The PCR products were separated using capillary electrophoresis in a Beckman CEQ 8000 (Fullerton, CA). Fragment lengths were determined using Beckman CEQ Fragment Analysis Software. Satt237 (LG N) amplicons were 257 and 239 bp long for CX1834-1-2 and 5601T alleles, respectively, and Satt561 (LG L) amplicons were 266 and 260 bp in length for CX1834-1-2 and 5601T alleles, respectively.
The extracted DNA from 55 progeny lines in the S97-1688 × CX1834-1-2 population was taken to the University of Georgia (Athens, GA) for SSR marker Satt561 screening. Polymerase chain reaction and polyacrylamide electrophoresis protocols were the same as those described by Li et al. (2001) , except that a PTC-225 DNA Engine Tetrad (MJ Research, Waltham, MA) thermalcycler was used. Polymerase chain reaction amplicons were separated by polyacrylamide gel electrophoresis on an ABI 377 automated DNA sequencer (Applied Biosystems, Foster City, CA). The RIL progeny were scored at the two marker loci as follows: 1 = homozygous for the 5601T or S97-1688 allele, 2 = heterozygous, and 3 = homozygous for the CX1834-1-2 allele.
Inorganic Phosphorus and Phytate Composition Analysis
Inorganic phosphorous concentrations were determined using a modifi ed version of a colorimetric assay developed by Raboy et al. (2000) , which was an adaptation of the assay described by Chen et al. (1956) . Approximately 30 g of soybean seeds, randomly chosen from F 9 seed harvested in 2004 from the F 5:8 RIL plots, were ground in a water-cooled Knifetec 1095 Sample Mill (FOSS Tecator, S-26321, Hogana, Sweden) for 20 s. This setting produced ground soybean seed powder with a uniform particle size. Approximately 100 mg of ground soybean seed tissue was placed into a 1.5-mL microcentrifuge tube for Pi extraction, and the weight per sample was recorded for calculation of Pi on a dry weight basis. A 1.0-mL aliquot (10 μL per mg of seed tissue) of the extraction buffer (12.5% trichloroacetic acid and 25 mM MgCl 2 ) was added to each sample, vortexed, and allowed to incubate overnight (~16 h). The samples were then vortexed and allowed to settle for 5 min before aliquots of extraction solution were transferred to 96-well storage plates, and then centrifuged at 604 g for 3 min.
Three 10-μL subsamples were taken from each extraction sample and then tested in the same 96-well assay plate to obtain a mean estimate of Pi levels for each RIL. The 10-μL subsamples across replications and locations were determined using the PROC CORR procedure in SAS v9.0 (SAS Institute, 2003) . Mean phenotypic traits averaged across all replicates and locations were analyzed with the PROC MEANS procedure in SAS software v9.0 (SAS Institute, 2003) . The PROC GLM procedure also was used to determine the analysis of variance for all other measured traits, with location and replication considered random eff ects.
RESULTS AND DISCUSSION
Although the inverse relationship between seed phytate and seed Pi in the mutant plant from which CX1834-1-2 was derived has been previously reported (Wilcox et al., 2000; Oltmans et al., 2005; Spear and Fehr, 2007) , it was important to confi rm this in the genetic backgrounds used for this research before relying entirely on assays for seed Pi concentration to confi rm low phytate QTLs. This relationship is important because measuring Pi levels using an assay described by Raboy et al. (2000) is substantially easier, quicker, and less expensive than measuring phytate. This is a modifi cation of the colorimetric assay developed by Chen et al. (1956) . There was a signifi cant linear regression between seed Pi and seed phytate concentrations (Fig. 1) , and the variation in seed Pi explained ~84% of the variation in seed phytate. As a result, Pi was considered a reliable indicator of the relative level of phytate in soybean seed.
For the 5601T × CX1834-1-2 population, Satt237 and Satt561 were confi rmed to be associated with a QTL (P < 0.0001) for seed Pi in all environments, and in the combined data set (Table 1 ). Satt237 was confi rmed to be linked to a major QTL (R 2 = 30.2%) on LG N, and Satt561 was found to be linked to a minor QTL (R 2 = 8.2%) on LG L. These data show that there is a two-to fourfold diff erence in the mean Pi value between lines with the SSR allele from the normal phytate parent and lines with the SSR allele from CX1834-1-2. For the S97-1688 × CX1834-1-2 population, Satt237 was linked to a major QTL (P < 0.0001, R 2 = 10.1%) and Satt561 was linked to a minor QTL (P = 0.0172, R 2 = 3.5%) ( Table 2 ). The mean seed Pi concentration associated with normal and low phytate RILs for each SSR marker genotypic class in this population showed a 0.5-to 4-fold diff erence. The Satt237 × Satt561 interaction was also signifi cant (P < 0.0001) in the multiple regression analysis for both populations. These data confi rm that the QTL identifi ed by Walker et al. (2006) on LG N that is linked to Satt237 and the one on LG L that is linked with Satt561 are associated with seed Pi concentration. These two confi rmed QTLs have been named cqPha-001 and cqPha-002 in accordance with the nomenclature guidelines of the Soybean Genetics Committee.
The genotypic class with the highest Pi levels in both populations was the group that was homozygous for the CX1834-1-2 allele at both the Satt237 and Satt561 loci ( Fig. 2 and 3) . These data show that the lines with the highest Pi concentrations (and lowest phytate concentrations) were those that carried the SSR marker alleles inherited from the low phytate parent, CX1834-1-2. In contrast, the lines with the lowest concentration of Pi were those that were homozygous for the SSR marker alleles inherited by the normal phytate parents. The effi ciency of SSR markers to select superior (low-phytate) progenies can be described when observing mean Pi concentrations in both populations. The mean Pi concentration for the 5601T × CX1834-1-2 population was 788 μg g -1 (combined data), and the mean Pi concentration for the S97-1688 × CX1834-1-2 population was 561 μg g -1
. If only individuals with the CX1834-1-2 allele at Satt237 are selected from the 5601T × CX1834-1-2 population, the mean Pi concentration increases to 1196 μg g -1 (Table 1) . When both SSR markers are used for the selection of progeny homozygous for alleles from CX1834-1-2 in that population, the mean Pi concentration is more than doubled, from 788 μg g -1 to 1679 μg g -1
. When both SSR markers are used for the selection of homozygous progeny in the S97-1688 × CX1834-1-2 population, the mean Pi concentration is also more than doubled, from 561 to 1464 μg g -1 (Table 2 ). The effi ciency of using these SSR markers to select superior lines can also be observed by determining the percentage of lines that were identifi ed as low phytate lines after MAS. Table 3 shows the percentage of individuals that were correctly selected (i.e., individuals that inherited the CX1834-1-2 allele at the Satt237 and/or Satt561 loci and also expressed a low phytate phenotype) on the basis of seed Pi concentration. The percentage of individuals with a low phytate phenotype ranged between 9.7 and 25.0% after MAS using only one of the two SSR markers, depending on which marker is chosen and which breeding population that marker is applied to. After using both SSR markers for selection, only 50% of the RILs expressed the low phytate phenotype in both populations. These results show that MAS selection for low phytate, when using SSR markers Satt237 and Satt561, is only 50% eff ective in selecting low phytate individuals when compared to phenotypic selection in RIL populations. This relatively low percentage may be a result of the loss of low phytate individuals during population development due to the correlation between the low phytate phenotype and reduced seedling emergence that was reported by Meis et al. (2003) . Although MAS was not as eff ective in identifying low phytate individuals as phenotypic selection, all low phytate individuals inherited the CX1834-1-2 form of each of the Satt237 and Satt561 SSR marker loci. This observation leads to the conclusion that a soybean line that possesses the CX1834-1-2 form of the SSR marker allele would have the highest probability of producing a low phytate phenotype, and that recombination between the QTLs and their linked SSR markers is not the reason for the ineffi ciency of MAS. Thus, MAS with SSR markers Satt237 and Satt561 will capture all available low phytate individuals, but simply inheriting the CX1834-1-2 allelic form of SSR markers Satt237 and Satt561 is not necessarily indicative of a low phytate phenotype. These markers may be most useful compared to phenotypic identifi cation for distinguishing heterozygous progeny in backcross populations. The introgression of the low phytate phenotype into prominent cultivars using a backcrossing technique would require the identifi cation of plants that are heterozygous for the two QTLs over multiple cycles of backcrossing. Figures 2 and 3 show that heterozygous individuals were similar in Pi concentration to individuals homozygous at both alleles for the normal phytate parent. This would make it extremely diffi cult to phenotypically distinguish individuals carrying the desirable alleles from those homozygous for one or both of the recurrent parent alleles, particularly since most breeders would select visually using the Raboy et al. (2000) seed Pi assay, rather than using a spectrophotometer. In addition, breeders would be able to select plants for the next round of backcrossing before fl owering and would also have the option of selecting for other important QTLs.
Descriptive statistics for the agronomic and seed quality traits for RILs measured in this study are presented in Table 4 . CX1834-1-3, a sister line of the parental line CX1834-1-2, was used as a check line in this fi eld study in 2004 (due to limited seed availability). Heritability was estimated for each trait on an entry means and plot basis ( Table 4 ). The plot and entry mean based heritability estimates for seed Pi were high, suggesting that most of the phenotypic variation in seed Pi is due to genes inherited from the parental lines. This high heritability estimate for seed Pi also suggests that the inheritance of the low phytate phenotype is largely genetically controlled, so molecular identifi cation of all genes involved should be readily accomplished. Phenotypic correlation coeffi cients for agronomic and seed quality traits are shown in Table  5 . The phenotypic correlation between seed Pi concentration and yield was not signifi cant, which is consistent with the studies of Oltmans et al. (2005), Hulke et al. (2004) , and Spear and Fehr (2007) that showed the low phytate trait in soybean does not negatively impact seed yield. Inorganic phosphorus also was not signifi cantly correlated with maturity and lodging. Signifi cant phenotypic correlations were found between Pi and plant height (0.26), seed protein concentration (−0.19), and seed oil concentration (0.17). Although these correlations were signifi cant, they are suffi ciently low to permit the selection of acceptable low phytate lines for each trait. These data confi rm data presented by Oltmans et al. (2005) that showed that there was no signifi cant diff erence in normal and low phytate lines for the measured agronomic traits, and that breeders should be able to develop low phytate soybean lines with normal or desirable agronomic traits. The effi ciency of MAS for the low phytate soybean phenotype must also be understood from an economical standpoint because resources are of major concern when determining a selection strategy for a new trait in a breeding program. At the University of Tennessee we estimated the price of phenotypic selection per 96 individuals to be US $6.33, requiring a total of ~23 person hours. This is compared to the relatively high cost of US $250.00 for genotyping 96 individuals, requiring ~48 person hours. These results suggest that phenotyping for low phytate soybeans is likely to be more eff ective and cost effi cient than MAS with SSR markers Satt237 and Satt561 for identifying plants that are homozygous for the low phytate allele at the phytate loci on LGs L and N. However, the use of the molecular markers in a backcrossing program would be useful because individuals heterozygous for the two alleles cannot be determined by phenotypic assays, and because a breeder would like to identify the heterozygotes from the previous backcross generation before making the next round of pollinations. This is primarily due to the duplicate dominant epistasis described by Oltmans et al. (2004) and confi rmed with molecular data from Walker et al. (2006) and from the present study. Furthermore, the increasing availability of single nucleotide polymorphism markers that could be used for MAS and the potential to reduce cost of DNA extraction, currently a large part of the total cost of MAS, are likely to substantially reduce the cost of MAS in the future as well as provide fi ner mapping techniques for identifying prominent QTLs.
